Gaia Colasante and Jacqueline C. Simonet contributed equally to this work Mutations in the Aristaless-related homeobox (ARX) gene are found in a spectrum of epilepsy and X-linked intellectual disability disorders. During development Arx is expressed in pallial ventricular zone (VZ) progenitor cells where the excitatory projection neurons of the cortex are born. Arx −/Y mice were shown to have decreased proliferation in the cortical VZ resulting in smaller brains; however, the basis for this reduced proliferation was not established. To determine the role of ARX on cell cycle dynamics in cortical progenitor cells, we generated cerebral cortex-specific Arx mouse mutants (cKO). The loss of pallial Arx resulted in the reduction of cortical progenitor cells, particularly the proliferation of intermediate progenitor cells (IPCs) was affected. Later in development and postnatally cKO brains showed a reduction of upper layer but not deeper layer neurons consistent with the IPC defect. Transcriptional profile analysis of E14.5 Arx-ablated cortices compared with control revealed that CDKN1C, an inhibitor of cell cycle progression, is overexpressed in the cortical VZ and SVZ of Arx KOs throughout corticogenesis. We also identified ARX as a direct regulator of Cdkn1c transcription. Together these data support a model where ARX regulates the expansion of cortical progenitor cells through repression of Cdkn1c.
Introduction
Mutations in the Aristaless-related homeobox gene (ARX) are a common cause of X-linked intellectual disability. Over 40 different mutations have been identified in ARX resulting in a spectrum of disorders that vary from mild intellectual disability with no brain malformations to severe brain malformations such as lissencephaly and hydranencephaly (Gecz et al. 2006) . Currently the pathogenesis of these ARX-related disorders are poorly defined.
During mouse cerebral cortical development Arx is expressed in the ventricular zone (VZ) (Colasante et al. 2008; Colombo et al. 2004; Friocourt et al. 2006) . Arx deficient mice die shortly after birth with a thin and disorganized neocortex in addition to other brain abnormalities (Kitamura et al. 2002) . The neocortical alterations appear to be the result of decreased pallial progenitor cell proliferation (Friocourt et al. 2008; Kitamura et al. 2002) . However, it remains unclear how Arx regulates cortical progenitor proliferation, cell specification, and layer formation in the neocortex.
To define the endogenous function of Arx in the cortical VZ, Arx-floxed mice were mated to Emx1-Cre mice, removing Arx specifically in the dorsal telencephalon. The number and proliferation rate of progenitor cells, their cell cycle length, and final cortical laminar fate were then assayed. Our data show that Arx regulates the expansion of both radial glial cells (RGC) and intermediate progenitor cells (IPC) , with a more pronounced effect on the latter. The decrease in proliferation in the Arx cKO mice resulted in a loss of neurons specifically in the upper layers of the neocortex. This is consistent with the hypothesis that IPC derived neurons contribute to all cortical layers, but predominately upper layers (Nieto et al. 2004; Sessa et al. 2008; Tarabykin et al. 2001; Zimmer et al. 2004) .
We also identified a cohort of genes whose expression is consistently altered in Arx KO mice cortices when compared with wild-type mice. Among them, Cdkn1c, encoding for CDKN1C, was found to be a direct target and its role in the identified IPC phenotype was analyzed. As a member of the Cip/Kip family of cyclin-dependent kinase inhibitors (CDKi), CDKN1C antagonizes cell cycle progression by inhibiting G1/S transition (Sherr and Roberts 1999) . Interestingly, CDKN1C, whose expression is normally detected in the cortical SVZ, was overexpressed in both the VZ and SVZ of Arx KO cortices. Thus, ARX appears to regulate cortical progenitor pool expansion by repressing the premature expression of Cdkn1c in the cerebral cortex.
Methods

Mice
Arx conditional knock out mice (Arx fl/fl ) (Fulp et al. 2008) and Arx knock out mice (Arx −/y ) (Collombat et al. 2003) were maintained on a C57Bl/6 background. Timed-pregnant mice were considered embryonic day 0.5 (E0.5) on the morning of the confirmation of the vaginal plug. To inactivate Arx in the dorsal telencephalon during development Arx fl/fl mice were crossed with Emx1-Cre animals (Jin et al. 2000) . Genotyping of Arx conditional knock out and germline knock out mice was performed as described (Collombat et al. 2003; Fulp et al. 2008; Jin et al. 2000) . Sex assessment for control embryos was performed by Sry PCR (SryFw 5′-CAGAAATGAACTACTGCATCCC-3′ and SryRev 5′-AACTTGTGCCTCTCACCACG-3′).
Tbr2::GFP transgenic mice (Kwon and Hadjantonakis 2007) were crossed with Arx fl/y ;Emx1-Cre animals. Mice were maintained at the Children's Hospital of Philadelphia and at the San Raffaele Scientific Institute lab animal facilities. All experiments were approved by the Institutional Animal Care and Use Committees of the Children's Hospital of Philadelphia and of San Raffaele Scientific Institute.
BrdU Administration for Cell Cycle Dynamic Analysis
BrdU was administered (50 mg/kg, i.p.) to pregnant mice 1 h before embryo harvesting to assess the S-phase labeling index (LI). A cumulative BrdU-labeling protocol was followed to determine the growth fraction (GF) (fraction of the cell population that is proliferative), to determine the time to reach the GF (Tc−Ts), and, subsequently, to estimate the length of the cell cycle (Tc) and the duration of S-phase (Ts) for both radial glia and intermediate progenitors (Takahashi et al. 1995) . Pregnant mice were injected with BrdU (50 mg/kg, i.p.) starting at E13.5, with injections every 3 h and with survival times of 0.5 h. Thus, a total of 6 time points were examined: 0.5, 3.5, 6.5, 9.5, 12.5, and 15.5 h. For cell cycle exit experiment, BrdU (50 mg/kg, i.p.) was injected in a pregnant female at E13.5 and 24 h later embryos were harvested and processed for analysis.
Histological Techniques
Nissl Staining Sections were stained in a 0.1% cresyl violet solution for 5-10 min and then, rinsed quickly in distilled water. Thereafter, sections were dehydrated in 100% ethanol (2 × 5 min), dried and coverslipped with Eukitt (Electron Microscopy Science).
RNA In Situ Hybridizations
ISH on frozen sections was performed as previously described by (Schaeren-Wiemers and Gerfin-Moser 1993) with the modifications previously reported (Colombo et al. 2007 ). Cdkn1c in situ probe was a kind gift of L. Muzio (Muzio et al. 2002) .
Immunohistochemistry
Whole heads (E11.5 and E12.5) or brains were dissected from embryonic and P1 mice and fixed overnight in 4% PFA at 4°C. P14 and P30 mice were perfused with 4% PFA, then the brains were removed and fixed in 4% PFA overnight at 4°C. Fixed brains were frozen and 10-μm-thick coronal sections were obtained. Antigen retrieval was performed in citric acid-based Antigen Unmasking Solution (Vector Laboratories) autoclaved at 105°C for 10 min; for BrdU staining slides were also treated with 2N HCl for 20 min. No antigen retrieval was performed for ARX and TBR2. Sections were then blocked for 1 h at room temperature with 10% normal goat serum (Gibco) and 0.1% triton in PBS. Primary antibodies against ARX (rabbit, gift provided by Professor Kunio Kitamura, 1:500), KI67 (rabbit, Immunological Sciences, 1:300 and mouse, BD Pharmingen, 1:200), BrdU (rat, Accurate Chemical and Scientific, 1:200), PH3 (rabbit, Chemicon, 1:100), TBR2 (rabbit, Abcam, 1:200 and Chemicon, 1:300), PAX6 (mouse, Developmental Studies Hybridoma Bank, 1:1000), CUX1 (rabbit, Santa Cruz Biotechnology, 1:50), SATB2 (mouse, Bio Matrix Research, 1:200), CTIP2 (rat, Abcam and Beckton-Dickinson 1:300), GFP (chicken, 1:2000) , Caspase3 (rabbit, Cell Signaling, 1:200) , and TBR1 (rabbit, Abcam, 1:25 and Chemicon, 1:400) were diluted in 10% normal goat serum and incubated on slides overnight at 4°C. Secondary antibodies were conjugates of Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 647 (1:500, Invitrogen), biotinylated goat anti-mouse and anti-rabbit (Dako, 1:100). They were diluted in 10% normal goat serum and incubated on slides for 2 h at room temperature. Biotinylated secondary antibodies were subsequently incubated with strepdavidin-Cy3 (Jackson ImmunoResearch, 1:300) in PBS. Slides were then counterstained with DAPI (Invitrogen, 1:1000), washed and mounted in Fluorescent Mounting Medium (DakoCytomation).
For the ARX/TBR2 double labeling, sections were blocked in 10% normal donkey serum (Jackson ImmunoResearch) with 0.3% triton in TBS (Tris buffered saline pH 7.4, USB Cleveland, OH, USA; the buffer used throughout the procedure) for 30 min at room temperature. Anti-TBR2 antibody (Abcam, 1:200) in 10% donkey serum next was applied for 2 h at room temperature followed by washing with TBS and then incubation with goat anti-rabbit monoclonal Fab fragments (Jackson ImmunoResearch,, 1:25) in 10% donkey serum for 30 min at room temperature. They were then washed and secondary Alexa 594 donkey anti-goat 1:200 in 10% donkey serum in TBS was applied for 30 min at room temperature. For the second primary antibody, the sections were again washed and blocked with the goat anti-rabbit monoclonal Fab fragments 1:25 in 10% donkey serum. After washing, the anti-ARX antibody was applied overnight at 4°C in 10% donkey serum. Finally, the slides were washed and the secondary Alexa 488 donkey anti rabbit was applied at 1:200 in 10% donkey serum for 30 min at room temperature. The slides went through on final wash, were counterstained with DAPI and mounted.
Quantifications and Statistical Analysis
All quantifications on P14 cryostat brain sections were performed using a 200-μm section of the dorsomedial cortex at the midhemispheric level from pia to white matter. For quantifications on E11.5 and P1 brain sections, cell counts were derived from 25% of the neocortex. The area of interest was derived by measuring the linear distance along the pial and ventricular surfaces of the entire lateral cortex, dividing those into quarters, and then using the total area, from pia to ventricle, in the third quartile from the dorsal midline. Quantifications on E14.5 brain sections were performed using a 150-μm section of the dorsomedial and lateral cortex. At least 3 serial sections from 3 different animals for each genotype were photographed using a Leica DMR fluorescent microscope. Images were imported into Photoshop CS3 and doublepositive cells were overlaid manually by color-coded dots in new layers. The number of labeled cells (dots) was calculated using the Record measurements of Photoshop CS3 and imported into Excel 2008. The percentage of labeled cells per region per section was calculated for each brain, and the final mean percentage calculated across all brains. Results were expressed as mean value ±SD and were tested for statistical significance by the 2-tailed, unpaired Student's t test (P < 0.05 level of significance).
RNA Isolation, Processing, and Microarray Analysis
The experiment was performed as previously described (Colasante et al. 2009 ). Briefly, 3 pregnant Arx heterozygous dams crossed with C57Bl/6 males were sacrificed at E14.5. A total of 5 wt and 5 Arx KO embryos were harvested and after brain isolation the cerebral cortices were separated from the ventral telencephalon. Total RNA was extracted from the cortices using the Qiagen RNA micro kit (Qiagen, Valencia, CA, USA). cRNAs were generated and hybridized on a total of 10 different MOE430v2 Affymetrix DNA chips according to the Affymetrix protocol. The chips were scanned with an Affymetrix scanner to generate digitized image data files. The data were deposited in the NCBI Gene Expression Omnibus (Edgar et al. 2002) and are accessible through GEO Series (# GSE12956).
Luciferase Reporter Assays P19 cells (10 5 ) were seeded and transfected 24 h after plating, with 400 ng of each of the following constructs in different combinations: pT81 luciferase reporter plasmids, control plasmid pCAG-iresGFP, pCAGArx-iresGFP, pCDNA3-Tle1, and 80 ng of pRL-TK-Renilla luciferase plasmid DNA (Promega) using Lipofectamine PLUS™ Reagent (Roche Diagnostics, Alameda, CA). Forty-eight hours post-transfection, cell lysis, and measurement of firefly and Renilla luciferase activity was performed using the Dual-Glo Luciferase Assay System (Promega) according to the manufacturer's instructions. The firefly luciferase activity was normalized according to the corresponding Renilla luciferase activity, and luciferase activity was reported as mean relative to pCAG-iresGFP/luciferase transfection. The 2 Cdkn1c −549/−68 and −1490/−720 enhancer regions were PCR amplified from E14.5 mouse genomic DNA using the following primers: HindIII-Cdkn1c-F1 5′-CC CAAGCTTGCGCGCGGGCCTCCTCAC-3′; BamHI-Cdkn1c-R1 5′-CGCG GATCCCCAGGACCAGGACCCAGCTG-3′; HindIII-Cdkn1c-F2 5′-CCC AAGCTTGAGATCTAAAAGATCTGTAG-3′, and BamHI-Cdkn1c-R2 CGCGGATCCTAGTGAATGAGGGGTTCATG-3′, respectively. The amplified products were cut with HindIII and BamHI and cloned into the BamHI and HindIII sites of pT81-TK-Luciferase, which contains the thymidine kinase minimal promoter upstream of luciferase. The (−549/−68) enhancer region carrying mutagenized ARX binding site was generated by site-directed mutagenesis with the following primers 5′-CTGAAAATACTACAGGATGCTCCTCGTGAGGAG-3′ and 5′-CTCCTCACGAGGAGCATCCTGTAGTATTTTCAG-3′ using the QuikChange II site-directed Mutagenesis Kit (Stratagene), according to the manufacturer's instructions.
Chromatin Immunoprecipitation E14.5 mouse embryonic cortices were isolated and single-cell suspension was derived by enzymatic treatment. Cells were crosslinked with 1% formaldehyde for 10 min and chromatin prepared essentially as described previously (Colasante et al. 2008; Ferrai et al. 2007 ). The chromatin aliquots (1 mL) were incubated overnight with 1 μg of anti-GFP (Chemicon) as mock and anti-ARX(C-14) (Santa Cruz). PCR primers used are the following: ChIPEbf3-F, 5′-GTCTATAAGTA CAATGGTGACAC-3′; ChIPEbf3-R, 5′-CTCCATCAAGATCCTTCTC-3′ (amplification product, 240 bp); ChIPCdkn1c-F, 5′-GCGCCCCTTTATA CGCGCTG 3′; ChIPCdkn1c-R, 5′-TCACGTTACCGCCCGCAGAG-3′ (amplification product 200 bp); ChIPCdkn1a-F 5′-GCTGTCAAAACGACC TTGAATG-3′; ChIPCdkn1a-R: 5′-GGAAGGACTAACTCTTTTCCAG-3′ (amplification product 220 bp); ChIPCdkn1b-F 5′-CCCTGATAAGAG CGGTCAGTC-3′; ChIPCdkn1b-R 5′-TTACGGAGCTTCGGTGGCTAG-3′ (amplification product 250 bp). PCR products were analyzed on 2% agarose gels in TBE buffer.
Results
Reduced Cerebral Cortex and Olfactory Bulbs after Deletion of Arx from the Dorsal Telencephalon
The germline loss of Arx in mice results in a thinner and disorganized cortex that was attributed to a primary defect in cell proliferation (Kitamura et al. 2002) . To further define the role of Arx in cortical progenitor cell proliferation, we conditionally deleted Arx from the E9.5 dorsal telencephalon by crossing our Arx fl/+ mice to Emx1-Cre mice (Jin et al. 2000) (Fig. 1A,B) . In Arx fl/y ; Emx1-Cre mice (here after Arx cKO), no ARX protein was observed in the VZ and SVZ of the cortex by E11.5 and throughout the rest of development (Fig. 1A,B and data not shown). Morphological analyses performed at E14.5 revealed that, at this developmental stage, alterations of the gross morphology of Arx cKO brains are already evident. The cerebral hemispheres are reduced in size and the olfactory bulbs are smaller and characterized by an abnormally wide interspace separating them (Fig. 1C,D) . Nissl staining on E14.5 coronal sections highlighted the diminution of cortical thickness affecting Arx cKO cerebral cortex in its whole medio-lateral extension (E14.5 relative volume (rv) Arx cKO/ctrl = 0.86 ± 0.03; n = 3, P < 0.005 (Fig. 1E,F,O) . Arx −/y mice die perinatally (Collombat et al. 2003; Kitamura et al. 2002) , whereas crosses between Arx fl/+ female and Emx1-Cre male mice recovered all expected genotypes in Mendelian ratios (data not shown).
Morphological assessments at P30 of Arx cKO and relative control brains confirmed the analysis made at E14.5. Indeed, the cerebral hemispheres and olfactory bulbs in Arx cKO mice are reduced in size, whereas the cerebellum and the brain stem do not appear to be affected (Fig. 1I,J ). In addition, P30 Nisslstained coronal sections highlight an overall reduction of the cerebral cortex, most evident at the level of pyriform cortex and the hippocampus (rv P30 = 0.84 ± 0.05; n = 3,
In the Arx cKO, the laminar structure cannot be clearly delineated ( Fig. 1M,N ) and the corpus callosum is absent in Arx cKO brains (Fig. 1P ,Q); this feature, together with the microcephaly, strongly resembles the morphologic abnormalities observed in patients with the XLAG syndrome (Kitamura et al. 2002) .
Our data indicate the loss of Arx in cortical progenitors recapitulates the morphologic defects observed with the germline loss of Arx. These data support the model by which the reduced brain size observed in Arx KO mice and children with loss of function ARX mutations, is largely or completely due to a loss of Arx in cortical progenitor cells.
Loss of Arx in the Pallial Progenitor Cells Reduces the Proliferation Rate of Cortical Progenitor Cells
Previous data suggested a decrease in cortical progenitor cell proliferation as the basis for the reduced cerebral cortical thickness in Arx KO mice (Kitamura et al. 2002) . At E11.5 in cortical development, there are similar numbers of progenitor cells in wild-type and Arx cKO mice cortices as measured by the number of KI67-positive cells (ctrl: 392 ± 33.5; cKO: 368 ± 45.5, n = 3, P = 0.579: cells counted in 25% of the cortex from ventricular to pial surface) (data not shown). This suggests normal numbers of cortical progenitor cells exist early in development when the progenitor cells are being produced. However, when the same analysis was performed at E12.5, we observed a reduction in the percentage of proliferating progenitor cells (% KI67+/Hoechst, ctrl: 96.65 ± 2.90; cKO: 87.49% ± 5.58, n = 6, P = 0.016, cells counted in a 150-μm bin from the ventricular to the pial surface) ( Supplementary Fig. 1C ,D′,G), and an increase in ßIII-tubulin-positive young neurons in Arx cKO compared with control (% TUBB3+/Hoechst, ctrl: 10.88 ± 2.96; cKO: 20.75 ± 3.39, n = 6, P = 0.003) ( Supplementary Fig. 1A ,B′,H).
At E14.5, the cortical plate (CP) is already thinner (Fig. 1E,F ) and the reduction in the total number of proliferative cells is evident in Arx cKO cortices ( Fig. 2A ,C) (ctrl: 259 ± 21.8; cKO: 202.5 ± 16.3; n = 6, P < 0.001, cells counted in a 150-μm bin from the ventricular to the pial surface). Moreover, both the types of cortical progenitor cells, RGCs and IPCs, are diminished in Arx cKO cortices at this embryonic stage. Indeed, we observed a reduced PAX6-labeling intensity in Arx cKO mice (Fig. 2D′ ,E′) in addition to a 27% reduction in the number of PAX6+ cells (ctrl: 323.6 ± 13.3; cKO: 237.5 ± 26.8; n = 3, P < 0.001; Fig. 2J ) as well as a 20% reduction of TBR2+ cells (ctrl: 223.6 ± 16.4; cKO: 179.3 ± 10.8; n = 3, P < 0.001) (Fig. 2F′,G′) .
In order to exclude an increase in cell-death contributing to the reduced cortical thickness in Arx cKO cortices, the apoptotic marker Caspase3 was analyzed at different embryonic stages (E13.5, E15.5, and E17.5). We found no difference between the Arx cKO and control cortices ( Supplementary  Fig. 2 ).
To determine if the reduction in proliferation was affecting both types of cortical progenitor cells (RGCs and IPCs) in the same way, their rate of BrdU incorporation was measured in control and Arx cKO cerebral cortices after a 1-h BrdU pulse. As expected, general reduction in BrdU incorporation (∼24%) (arrowheads in Fig. 2F″ ), was found in Arx cKO cortices with respect to controls (ctrl: 142.3 ± 18.2; cKO: 109.0 ± 10.2; n = 3, P < 0.001 and Fig. 2J ). Interestingly, double labeling with PAX6
and BrdU revealed little differences in the PAX6+/BrdU+ cell number between Arx cKO and control (ctrl: 125.6 ± 19; cKO: 103.7 ± 7.17; in both cases about 40% of the total PAX6+ cells; n = 3, P = 0.012) (Fig. 2D′″ ,E′″,J). Conversely, double labeling with TBR2 and BrdU revealed a reduction of dual-labeled cells (ctrl: 52.9 ± 12.9, about 25% of the total TBR2+; cKO: 17.5 ± 2.9, about 10% of the total TBR2+; n = 3, P < 0.001) (arrowheads in Fig. 2F′″ ,G′″,J). Consistent with these data, staining with the M-phase marker phosphohistone 3 (PH3) revealed an overall reduction of positive cells in the Arx cKO cerebral cortex with a greater loss in the basal area (IPCs) than the apical area (RGCs) (apical, ctrl: 122.0 ± 5.6, cKO: 107.5 ± 3.5; basal, ctrl: 39.0 ± 4.8; cKO: 11.5 ± 2.12 n = 3, P < 0.001, Fig. 2H,I ,H′,I′,J).
Taken together, these data indicate that at E14.5 both progenitor populations (RGCs and IPCs) are reduced in Arx cKO cerebral cortices and their proliferation is affected. However, BrdU incorporation rates and PH3 staining indicate that there is a disproportionate deficit in the proliferation of IPCs compared with RGCs in Arx cKO mice.
Cortical Progenitors Show a Normal Cell Cycle Length, but IPC Mitoses Are Significantly Reduced in Arx cKO Mice
To further understand the mechanism by which loss of Arx resulted in fewer proliferating cells, we tested 2 nonmutually exclusive hypotheses: that the cell cycle changes are related to lengthening of the cell cycle or to precocious exit of cortical progenitors from the cell cycle.
An increased cell cycle length during the neurogenic period would result in fewer cellular divisions, fewer progenitor cells and the observed reduction in BrdU incorporation. To examine neocortical cell cycle dynamics in the absence of Arx, the length of the cell cycle phases was estimated between E13.5 and E14.5 in wild-type and Arx cKO mice using a cumulative BrdU pulse-labeling paradigm (Takahashi et al. 1995) . BrdU was injected intraperitoneally in gravid females every 3 h up to 6 time points with survival time being 0.5 h after the last injection. At least 2 brains of each genotype were assayed at each time point for BrdU labeling to evaluate the cell cycle parameters in the VZ precursors, where VZ was defined by 2 criteria: the region under the area with high density of TBR2+ cells and where cells with vertically oriented nuclei were present. Moreover, TBR2/BrdU double staining was performed in order to gain information regarding the BrdU incorporation kinetic of IPCs. Representative cortical fields of wild-type and Arx cKO BrdU-and TBR2-labeled coronal sections are shown for 5 out of the 6 time points (Fig. 3A-J) .
The GF in the VZ-defined as the maximum percentage of VZ progenitors entering the S-phase on the total of nuclei in the VZ-did not change between the 2 genotypes, and in both cases, almost 100% of VZ cells were BrdU+ at the 9.5 h time point (Fig. 3G,H) . The LI of VZ (BrdU+cells/total cell number) at each time point was plotted against the corresponding time after BrdU injection, and, from the slope of the interpolating lines, the cell cycle parameters Tc and Ts were calculated ( Fig. 3N,P) . Interestingly, no significant difference was found in both parameters between control and Arx cKO brains (ctrl: tc = 14.5 h and Ts = 4 h; cKO: tc = 14.1 h and Ts = 4.1 h).
A similar analysis of the cell cycle kinetic was performed in the SVZ. First, the GF at E13.5 was evaluated as the percentage Cerebral Cortex February 2015, V 25 N 2 325 of proliferating IPC (KI67+ TBR2+) divided by the total number of IPCs (TBR2+) (Fig. 3K,L′) . Interestingly, while ∼75% of IPCs in the control is proliferating, only 45% of Arx cKO IPCs enter any cell cycle phase (% KI67+ TBR2+/TBR2, ctrl: 74.30 ± 1.99; cKO: 45.17 ± 2.64, n = 4, P < 0.0004, Fig. 3M) . A similar reduction in the SVZ GF of Arx cKO was noticed also later in cortical development (Supplementary Fig. 3 ; E17.5% KI67+ TBR2+/TBR2, ctrl: 16.57 ± 2.49; cKO: 7.58 ± 0.26). These data confirmed and completed the previous observations relative only to S and M phases of the cell cycle.
Then, LI in the SVZ was calculated as the ratio between the TBR2+ cells incorporating BrdU on the total of TBR2+ proliferating cells (BrdU+ TBR2+/Ki67+ TBR2+) and plotted against the corresponding time after BrdU injection and interpolating lines generated for both control and Arx cKO (Fig. 3A″-J″,O) . The slope of the Arx cKO interpolating line resulted slightly higher; indeed, cKO IPCs seem to reach the value of GF = 1, a little before the control (Tc-Ts, control: 7.8 h; cKO: 6.3 h). As a consequence, Tc and Ts is slightly shorter in cKO IPCs with respect to control (Fig. 3P) . The ratio between Ts and Tc is not significantly altered (Ts/Tc, ctrl: 0.25; cKO: 0.24), suggesting that the relative length of the different cell cycle phases is constant.
Interestingly, the same conclusions were reached through a different approach. We measured the BrdU LI (0.5 h pulse) in SVZ precursors (Ki67+) at E14.5 (Arnold et al. 2008) , finding significant decrease in the number of proliferating Ki67+ cells/ 100 μm 2 area in cKO SVZ with respect to control (ctrl: 19.83 ± 6.04 and cKO: 3.83 ± 1.94; n = 4, P < 0.005; Fig. 4A-C) , comparable to the reduction in BrdU+ ( Supplementary Fig. 4 ) and PH3+ cells in cKO SVZ (Fig. 2J) . Consequently, the ratio between the number of S-phase cells (BrdU+) and the total of those proliferating (Ki67+) show no significant difference (ctrl: 0.44 ± 0.02 and cKO: 0.40 ± 0.10; n = 4, P = 0.34; Supplementary Fig. 4C ). This last set of data again indicates that Ts/Tc ratio of Arx cKO SVZ precursors is comparable to control.
Consequently, the reduced BrdU incorporation observed in cumulative labeling experiment of TBR2+ cells can be attributed to a consistent reduction in the proliferation ability of Arx cKO SVZ progenitors and not to an alteration of their cell cycle length. 
Precocious Cell Cycle Exit in Arx cKO Cortical Progenitors
Since only about half of the pool of IPCs is able to proliferate in Arx cKO cortex, we predicted precocious cell cycle exit of these cells. Thus, we assessed the fraction of cells exiting the cell cycle 24 h after a BrdU pulse (between E13.5 and E14.5). Cells remaining in the cycle are BrdU+/Ki67+, while those that have stopped cycling exhibit BrdU labeling only (Chenn and Walsh 2002) . At E13.5, an increase of 18% in the cells leaving the cycle is observed in Arx cKO progenitors (leaving fraction in ctrl: 0.49 ± 0.06; in cKO: 0.58 ± 0.05; n = 8 for each, P < 0.0005; Fig. 4A″ ,B″,C) suggesting precocious neurogenesis. Consistent with that, more cells with undiluted BrdU exist in the Arx cKO when compared with control (arrowheads, Fig. 4A′ ,B′). Although it is not possible to distinguish the contribution of RG cells and IPCs to the fraction of precociously differentiating cells, it is likely that most of those cells are IPCs that may exit cell cycle without any round of amplification.
In order to evaluate the effects of IPC reduced proliferation in Arx cKO, we analyzed GFP expression in E15.5 Arx cKO and relative control mice crossed with Tbr2::GFP transgenic animals (Fig. 4D,E′) , where GFP is under the control of the Tbr2 endogenous regulatory sequences (Kwon and Hadjantonakis 2007) . Due to the stability of the GFP protein in vivo, GFP fluorescence in Tbr2::GFP mice can be used as a lineage tracer of the IPC progeny (Sessa et al. 2008) . We noticed an overall decrease in GFP+ cells in Arx cKO SVZ and CP with respect to control consistent with a reduction in the amplification of IPCs in the cKO (GFP+ cells/150 um area unit, ctrl: SVZ, 55.7 ± 5.13; IZ, 80.00 ± 16.7; CP, 180.33 ± 6.51; total, 316.00 ± 15.39; cKO: SVZ, 27.70 ± 7.37; IZ, 63.33 ± 26.63; CP, 83.00 ± 2.64; total 181.70 ± 21.01; n = 4 P < 0.005 (Fig. 4F) .
Given the more pronounced effect of Arx ablation on IPCs than on RGCs, we sought to assess if Arx is also expressed in IPCs in addition to RGCs (Friocourt et al. 2006 ). We performed immunofluorescence for ARX and TBR2 in wild-type cortex at E14.5 and showed that ARX colocalizes with TBR2 in many cells of the VZ and SVZ (Supplementary Fig. 5 ).
Arx cKO Mice Have a Reduced Number of Upper Cortical Layer Neurons with Normal Number of Deeper Layer Neurons
In order to determine if the reduced proliferation of cortical progenitors has an effect on cortical lamination, we evaluated the cortical layers using molecular markers at different developmental stages. The expression of TBR1, which labels neurons in the subplate, layer VI, and few in layer V (Molyneaux et al. 2007) , was evaluated in control Arx cKO mice at E16.5. In Arx cKO, the number of TBR1+ cells in layers V-VI was slightly decreased with respect to control (TBR1, ctrl layers V-VI = 98.2 ± 6.5; cKO layers V-VI = 82.0 ± 7.8) (Fig. 5A,  B) . Interestingly, more neurons were found in Arx cKO subplate, still detectable at this stage (TBR1, ctrl: SP = 36.5 ± 4.5; cKO: SP = 60.0 ± 3.5) (arrowheads in Fig. 5A,B) .
A similar difference, although more dramatic, was observed staining for CTIP2, which labels predominately layer V, but also layer VI neurons (Molyneaux et al. 2007 ). CTIP2+ cells are already well organized in control layers V-VI, with some positive cells localized in the subplate, whereas in the Arx cKO, they appear less compact and completely disorganized (arrowheads in Fig. 5C,D) . However, the total number of CTIP2+ cells does not change between Arx cKO and control (CTIP2, ctrl: 166.9 ± 4.2 and cKO: 155.7 ± 5.7) (Fig. 5U) . To assess upper layer stratification, we used P1 and P14 animals. At P1 Arx cKO mice had a decreased number of cells labeled with SATB2 in layer II/III in the Arx cKO cortices with respect to controls (SATB2 ctrl: layer II/II = 131.4 ± 18.5 and SATB2 cKO: layer II/ III = 96.9 ± 12.6; n = 5, P = 0.0126) (arrowheads in Fig. 5I,J) , but not in layer IV/V (SATB2 ctrl: layer IV/V = 84.0 ± 6.8 and SATB2 cKO: layer IV/V = 77.9 ± 7.6; n = 5, P = 0.547) (Fig. 5I,J) . In addition, the number of cells labeled with CUX1, a marker of layers II-IV, is also decreased in the Arx cKO cortices (CUX1 ctrl: layers II-IV = 125.9 ± 7.0 and CUX1 cKO: layers II-IV = 95.9 ± 7.8; n = 5, P = 0.0327) (arrowheads in Fig. 5K,L) . However, no significant difference between the Arx cKO and control cortices was detected for layers V and VI markers (CTIP2 ctrl: total = 97.5 ± 7.5 and CTIP2 cKO: total = 93.2 ± 9.6; n = 3, P = 0.587; TBR1 ctrl: total = 116.9 ± 4.9 and TBR1 cKO: total = 92.1 ± 14.2; n = 3, P = 0.132) (arrowheads in Fig. 5E-H) .
At P14, a time in which laminar organization is complete, a decrease in the number of SATB2-and CUX1-positive cells persisted in layer II/III in the Arx cKO cortices when compared with control cortices (SATB2 ctrl: layer II/II = 29.5 ± 2.4, layer IV = 41.4 ± 3.8 and SATB2 cKO: layer II/III = 21.2 ± 3.9, layer IV = 24.5 ± 3.0; n = 4, P = 0.0286; CUX1 ctrl: layers II-IV = 30.5 ± 2.1 and CUX1 cKO: layers II-IV = 24.9 ± 3.5; n = 4, P = 0.0482) (arrowheads in Fig. 5Q-T) . However, similar numbers of CTIP2-positive and TBR1-positive cells are present in the Arx cKO cortices as compared to control (CTIP2 ctrl: total = 35.5 ± 3.7 and CTIP2 cKO: total = 29.2 ± 1.7, n = 3, P = 0.272; TBR1 ctrl: total = 32.7 ± 2.1 and TBR1 cKO: total = 32.5 ± 2.5, n = 3, P = 0.406) ( Fig. 5M-P) .
In summary, we find a reduction of upper layer (II-IV) neurons with no change in deeper layer (V-VI) neurons in Arx cKO mice.
Identification of Genes Differentially Expressed in Arx KO Versus Wild-Type Cerebral Cortex by Transcriptome Analysis
To gain insight into the Arx-dependent mechanism responsible for the reduced proliferation in Arx cKO cortical progenitor cells observed at E14.5, we performed a gene expression profile analysis. Since all the proliferation defects observed in the Arx cKO cortices were also detected in Arx KO mouse model (data not shown), we decided to perform this experiment in Arx KO dorsal telencephalon. E14.5 embryonic stage was selected for analysis, as the proliferation defect was clearly detectable. Brains were harvested, and the cerebral cortices were carefully dissected and processed for gene expression profiling (Fig. 6) . RNA was separately extracted from the isolated tissues and used to hybridize Affymetrix microarrays (MOE430v2) containing 45 101 probe sets. Cortical tissues from Arx KO (n = 5) and control (n = 5) embryos were independently processed on 10 different gene-chips in order to minimize individual biological differences. Datasets obtained were then used to identify differentially expressed transcripts between Arx KO and wild-type dorsal telencephali (Fig. 6A-I) .
Using a log2 (fold-change ≥ 1 and a FDR ≤ 0.05) linear model, the analysis revealed that a total of 147 probe sets corresponding to 86 different Entrez Gene Identifiers presented significantly different expressions between Arx KO and wild-type cortices (Fig. 6A-I) .
Among the full set of identified genes, 3 (DDX3Y, KDM5D, and EIF2S3Y) (Fig. 6I) were considered as Arx-independently misregulated. In fact, they correspond to Y-linked expressing units and their upregulation in Arx KO tissues is indicative of a sex-biased harvest of the embryos. This was expected because all Arx KO embryos were males (Arx −/Y ), while wild-type embryos displayed an equal probability to be males or females. The remaining 83 differentially expressed genes were grouped according to the known or predicted protein function they coded for: transcription factors (Fig. 6A) ; receptors (Fig. 6B) ; intracellular regulatory proteins (Fig. 6C) ; structural proteins (Fig. 6D) ; extracellular regulatory proteins (Fig. 6E) ; extracellular junctions and adhesion molecules (Fig. 6F) ; carriers and transporters (Fig. 6G) ; extracellular matrix proteins (Fig. 6H) .
To ensure the reliability of our analysis, a subset of the misregulated genes were selected and analyzed in control and KO tissues using quantitative real-time RT-PCRs (qPCRs). In this experiment, only RNA extracted from male control embryos was used, in order to avoid any sex-biased gene expression between males and females. In all cases analyzed, qPCR results confirmed previous gene-array analyses both for the upregulated genes RARb, Id1, Id3, Tub6, Olig2, and Cdkn1c as well as the downregulated Pax6 gene (Fig. 6J , all normalized to ß-actin). However, the magnitude of the changes in expression levels detected by qPCRs was, in some cases, significantly higher (up to 2.5 fold) when compared with the microarray analyses (RARb, Olig2, Cdkn1c), while, in other instances, the results were comparable (Id1, Tub6, Pax6). Interestingly, the expression of Tbr2 was decreased in Arx KO compared with control (20% reduction) in agreement with our immunohistochemistry data, despite the microarray analysis did not show a significant alteration.
Cdkn1c is Overexpressed in Arx KO Cerebral Cortex
Among the genes found to be misexpressed in Arx KO cerebral cortices, we noticed the upregulation of Cdkn1c. Cdkn1c encodes for CDKN1C (also known as p57/KIP2), a member of the Cip/Kip family of cyclin-dependent kinase inhibitors (CKIs). Together with the 2 other members of this family, CDKN1A and CDKN1B, it exerts a basilar role in the regulation of cell cycle progression of cortical progenitors at level of G1/S transition by inhibiting the cyclin/CDK complexes (Sherr and Roberts 1999) . Recently, Mairet-Coello and coworkers showed that CDKN1C overexpression in the cerebral cortex elicits precursor cell cycle exit and promotes a transition from proliferation to neuronal differentiation, while the opposite effects occur in CDKN1C-deficient precursors. Indeed, they reported that, in mutant mice, proliferation of RGC and intermediate precursors (IPC) was increased, expanding both populations, with greater effect on IPCs .
As this function is particularly consistent with the phenotype observed in Arx cKO brains and might underlie the reduction in the cerebral cortex volume, we focused further analyses on this gene.
In order to ascertain if Cdkn1c misregulation plays a role in Arx KO tissues, we first assessed its expression by in situ hybridization throughout embryonic development (E12.5-E18.5) in wild-type and Arx KO mouse brain sections (Fig. 7A , B,D,E and Supplementary Fig. 6 ). The expression of Arx was evaluated on adjacent wild-type brain sections (Fig. 7C,F and Supplementary Fig. 6 ). At E12.5, Cdkn1c transcript was barely detectable in the SVZ of control cortices whereas it was significantly overexpressed in both VZ and SVZ of Arx KO (Fig. 7A,B , arrowheads A′,B′). Interestingly, the upregulation of Cdkn1c seemed to follow a gradient in Arx KO cortices, higher lateral lower medial (Fig. 7B) . Similarly, at E14.5, Cdkn1c is still expressed in the SVZ in control tissues (Fig. 7D, arrowheads D′) and overexpression persists in Arx KO cortices (Fig. 7E, arrowheads E′). In contrast to E12.5, Cdkn1c expression clearly followed a higher medial-lower lateral gradient in both control and KO cortices (Fig. 7D,E) . Beginning on E16.5, Cdkn1c transcript was additionally detected in CP cells of both control and KO brains and, at E18.5, the level of Cdkn1c upregulation in Arx KO cortices was significantly diminished, inversely correlating with the Arx expression pattern at the same developmental stages (Supplementary Fig. 6 ). Similar results were also observed in Arx cKO cortices.
Unexpectedly, although Arx is strongly expressed in the ganglionic eminences, in particular at E12.5, E14.5, and E16.5 (Fig. 7C,F and Supplementary Fig. 6 ), its ablation in Arx KO mice does not induce Cdkn1c upregulation in this compartment (Fig. 7B,E and Supplementary Fig. 6 ).
In conclusion, our expression analysis of Cdkn1c in wildtype and Arx KO cerebral cortices throughout the neurogenic period, showed that this gene is upregulated in Arx KO cortical VZ and SVZ, with a pattern that parallels Arx expression in control tissues. This correlation raises the possibility that Arx depletion directly promotes Cdkn1c upregulation in cKO tissues.
Cdkn1c is a Direct Transcriptional Target of ARX
To determine if Cdkn1c is a direct transcriptional target of ARX, a 5-kb genomic region upstream to the murine Cdkn1c gene locus was screened for the presence of putative ARX binding sites. Previous studies identified palindromic sequences TAAT/ ATTA spaced by 3 nucleotides (5′-ATTANNNTAAT-3′) as favored binding sites for paired homeodomain proteins (Wilson et al. 1993 ). Indeed, our search highlighted the presence of a unique palindromic sequence (5′-ATTAGCATAAT-3′) located between bases −71/−81 upstream of the Cdkn1c transcription start site (named +1) (Fig. 7G) . As binding sites for transcriptional regulators are usually evolutionary conserved, we performed a multiple alignment of the aforementioned genomic region among different species, finding a high level of conservation in the ARX putative binding site in mouse, rat, human, and orangutan, except for the 3 spacing nucleotides that were not conserved in orangutan (Fig. 7G) . A genomic region of about 500 bp (−549/ −68) containing the putative ARX binding site and another of about 750 bp (−1490/−720 containing some TA repeats, were separately cloned, upstream to a minimal promoter, in a construct containing the Luciferase gene and tested for transcriptional reporter activity (Fig. 7H) . The 500 bp (−549/−68)-Luc and 750 bp (−1490/−720)-Luc constructs were separately cotransfected with control plasmid pCAG-IRESGFP or pCAGArx-IRESGFP in P19 cells and the effect of ARX expression on the basal transcriptional activity of the 2 putative regulative sequences was evaluated. ARX cotransfection reduced the basal transcriptional activity of the 500-bp regulative region by 30% (fold increase/decrease in transcriptional activity of pCAG-ArxIRESGFP coinfected with respect to pCAG-IRESGFP coinfected: 0.67 ± 0.04; n = 3, P < 0.005). However, higher reduction was detected when the corepressor Tle1 (McKenzie et al. 2007 ) was cotransfected in association with ARX (0.42 ± 0.06, n = 3, P < 0.005). Surprisingly, ARX and in particular TLE1 alone are able to repress luciferase transcription; this is due to the fact that both proteins are already expressed at low levels in P19 cells (data not shown). Conversely, when pCAG-ArxIRESGFP was cotransfected with the Luciferase construct regulated by 750 bp enhancer, only a slight reduction in the basal transcriptional activity was assessed (fold increase/ decrease in transcriptional activity of pCAG-ArxIRESGFP coinfected with respect to pCAG-IRESGFP coinfected (transcriptional activity; 0.94 ± 0.01, n = 3, P < 0.05), even in combination with TLE1 (Fig. 7H) . When the binding site 5′-ATTAGCATAAT-3′ was mutagenized to 5′-AGGAGCATCCT-3′, no significant reduction in Luciferase expression was appreciated in cotransfection experiments (Fig. 7H) .
These results indicate that ARX exerts a specific transcriptional repression activity on this 500 bp (−549/−68) genomic region; in order to assess if this repression is direct or mediated by other factors expressed in P19 cells, we performed chromatin immunoprecipitation experiments. Anti-ARX antibody was used to immunoprecipitate chromatin isolated from E14.5 telencephali; then, PCR amplification reactions, with primers designed to span the 500 bp (−549/−68) region upstream to Cdkn1c gene, allowed us to evaluate an enrichment of that Figure 7 . The cyclin-dependent kinase inhibitor (CKi) Cdkn1c is ectopically expressed in Arx KO cortical VZ and SVZ and it is a direct transcriptional target of ARX. In situ hybridizations for Cdkn1c on telencephalic coronal sections at different embryonic stages (E12.5-E14.5) of control (left) and Arx KO (right) brain tissues; in situ hybridizations for Arx on control coronal sections at the corresponding developmental stages are also showed. (A-C) At E12.5 Cdkn1c transcript is detected in the neo-formed SVZ in control brains (arrowheads, A′); differently, in Arx KO, it is significantly upregulated in both VZ and SVZ (arrowheads, B′), where Arx is normally expressed at this stage (C). Similarly, Cdkn1c is found upregulated in Arx KO VZ and SVZ at E14.5 (arrowheads, E′) whereas in the relative control sections it is still barely detected in the SVZ (arrowheads, D′). (G) A 5-kb genomic region upstream to the murine Cdkn1c gene locus was screened for the presence of paired homeodomain binding sites: a palyndromic sequence 5′-ATTAGCATAAT-3′, highly conserved in mouse, rat, human, and orangutan, was found between −71/−81 bp before the Cdkn1c transcription start site (+1). (H) A <500 bp (−549/−68) genomic region containing the putative ARX binding site, a <750 bp (−1490/−20) containing some TA rich repeats and the same 500 bp (−549/−68) genomic region with the binding site mutagenized 5′-AGGAGCATCCT-3′ were separately cloned in a construct containing the Luciferase gene and tested in transcriptional activity assays in P19 cells. When the 500 bp (−549/−68)-Luc construct is cotransfected with pCAG-ArxIRESGFP a reduction in Luciferase expression compared control plasmid pCAG-IRESGFP cotransfection was appreciable (0.67 ± 0.04; n = 3, P < 0.005,); similar reduction was observed when the corepressor TLE1 was cotransfected (0.60 ± 0.07, n = 3); finally, higher reduction was detected when both ARX and TLE1 were cotransfected (0.42 ± 0.06, n = 3). Differently, ARX cotransfected with the 750 bp (−1490/−720)-Luc induced only a slight reduction in the basal transcriptional activity (0.94 ± 0.01, n = 3, P < 0.05,), even in combination with TLE1. When the binding site 5′-ATTAGCATAAT-3′ was mutagenized in 5′-AGGAGCATCCT-3′, no significant reduction in Luciferase expression was appreciable in cotransfection experiments. (I) Immunoprecipitation of E14.5 telencephalic chromatin with anti-ARX, anti-GFP, and IgG only. Primers spanning the 500 bp (−549/−68) genomic region upstream to the Cdkn1c, and Ebf3, Cdkn1b, and Cdkn1a regulative regions were used for PCR analysis of the immunoprecipitated DNA. Enrichment of the PCR products in anti-ARX-immunoprecipitated chromatin sample compared with the anti-GFP and IgG only samples was evaluated.
region in the ARX-immunoprecipitated chromatin with respect to IgG only and anti-GFP immunoprecipitated chromatin (Fig. 7I) . Amplifications with primers spanning Ebf3 regulatory region were also performed and used as a positive control, as Ebf3 was previously showed to be a direct target of ARX in the ventral pallium (Fulp et al. 2008) . We found enrichment of the Cdkn1c (and Ebf3) regulatory regions when pulled down with an anti-ARX antibody but not with the anti-GFP or no antibody controls. No enrichment in ARX-immunoprecipitated chromatin samples was detected amplifying for Cdkn1a and Cdkn1b regulative regions (Fig. 7I) , as expected by the absence of any alteration of the 2 gene transcripts in Arx KO cortices. Taken together, these results suggest that ARX is a direct repressor of Cdkn1c transcription, and it likely exerts this role by direct interaction with the palindromic binding site 5′-ATTAGCATAAT-3′ located in the 500 bp enhancer region.
Discussion
Loss of ARX/Arx in both humans and mice results in a reduced size of the cerebral hemispheres. In this study, by crossing Arx fl/y mice with Emx1-Cre mice, we have confirmed that the reduced brain size is largely if not completely due to the loss of Arx in cortical progenitor cells. Indeed, in E14.5 Arx cKO, we observed a reduction in the number of cortical progenitor cells, both PAX6+ and TBR2+, that might be the result of the precocious RG progenitor differentiation observed at E12.5 in Arx cKO. However, this cannot be the only underlying mechanism. In fact, the proliferation rate of cortical progenitor cells is also affected in Arx cKO and our data suggest that the IPC pool is more effected than the RGC compartment: most of S-phase progenitors in E14.5 Arx cKO cortices are PAX6+ cells and only a little percentage is TBR2+. Consistent with this, basal mitoses are dramatically reduced. Interestingly, the determination of the GF at E13.5 allowed us to understand that, whereas all the cKO RG progenitors were able to proliferate at that stage, only 45% of TBR2+ cells in Arx cKO could enter the cell cycle (vs. the 75% of the control). These observations support the hypothesis that the drastic effect on the IPC proliferation is not only due to a premature differentiation among VZ progenitors but essentially to a direct effect of ARX ablation on IPCs. Consistent with this, we found ARX expression in many TBR2+ cells of the VZ/SVZ.
The reduction of cortical progenitor cells led to an alteration of the cortical layering: a significant loss of cells from the superficial layers of Arx cKO cerebral cortex with relative preservation of the deeper layers. Our observations in this genetic model complement those found after an acute reduction of ARX through the in utero electroporation of an Arx shRNA in midgestation where an increased number of progenitors exiting the cell cycle and prematurely adopting the neuronal fate were found (Friocourt et al. 2008) .
We also performed a gene expression profile analysis in wild-type and Arx KO cerebral cortices that identified 83 misregulated genes. Interestingly, this analysis found very little overlap with the results of the same analysis that we previously performed in the ganglionic eminences (Colasante et al. 2009; Fulp et al. 2008) . These data reinforce the assertion that ARX exerts region-specific roles in the ventral telencephalon and in the cerebral cortex through the activation/repression of different transcriptional programs (Nasrallah et al. 2012 ). In agreement with the reduction of GABAergic interneurons migrating to the cerebral cortex in Arx KO brains (Colombo et al. 2007; Kitamura et al. 2002) , markers of specific interneuron subclasses (NPY, Somatostatin and also LHX6) were downregulated in KOs. However, among the several misregulated genes, we focused our attention on Cdkn1c, as we considered it the most interesting ARX putative target, whose upregulation could account for the phenotype observed in Arx cKO cortices .
Our characterization of the Cdkn1c expression pattern during normal corticogenesis found Cdkn1c to be expressed in the SVZ in the first phases of neurogenesis (E12.5-E14.5). At later stages it is also detected in the CP. Conversely, in Arx cKO, it is strongly upregulated in the VZ and SVZ starting at E12.5. The expression of Cdkn1c during corticogenesis has been debated for a long time. While early reports indicated that Cdkn1c mRNA is localized in the VZ, SVZ, and CP of embryonic rat cortex (Campagne and Gill 1998) , CDKN1C protein has been localized in the CP, with faint expression in the IZ and no signal in the VZ/SVZ (Itoh et al. 2007; Nguyen et al. 2006) . A few recent studies have helped clarify this issue Nguyen et al. 2006; Tury et al. 2011 Tury et al. , 2012 . Using an antibody against CDKN1C, they found it is expressed mainly in differentiating postmitotic neurons, but also it colocalizes with TBR2+ cells in SVZ and with some PAX6+ in VZ. These data are fully consistent with our data on Cdkn1c expression obtained by in situ hybridizations.
Recently, Tury et al. (2011) showed that CDKN1C overexpression in E14.5-15.5 rat embryos elicits precursor cell cycle exit and promotes transition from proliferation to neuronal differentiation. Comparing the neurogenic and astrogliogenic effects of CDKN1B and CDKN1C, they discovered that CDKN1C overexpression promotes more neuronal differentiation than CDKN1B. The specific neurogenic effect of CDKN1C is particularly interesting in relation to its expression in IPCs, which, distinct from RGCs, generate only neurons. However, they do not clearly analyze the specific effect of CDKN1C overexpression on the 2 cortical progenitor cell populations. In their follow-up work, Mairet-Coello et al. (2012) , analyze the phenotype of Cdkn1c mutant mice, finding that proliferation of both RGCs and IPCs is increased, expanding both precursors with greater impact on IPCs.
In this context, our report is the first to describe the effect of CDKN1C overexpression on cortical progenitor cell proliferation, integrating the analysis previously performed. Interestingly, our data also support the hypothesis that CDKN1C is more relevant for IPC than RGC cell cycle exit, although CDKN1C is overexpressed in both cortical VZ and SVZ, the most dramatic effect is observed on IPC and not on RGC proliferation.
We propose a model for the ARX-dependent control of cortical progenitor cell proliferation (Fig. 8) . ARX expression in the VZ and partially in the SVZ is able to repress Cdkn1c premature expression, allowing proliferation of RG cells and expansion of IPCs. When Arx is normally downregulated, the consequent upregulation of CDKN1C in the SVZ favors IP cell cycle exit. In contrast, in Arx KO cortex, CDKN1C expression is high in the VZ resulting in a mild proliferation effect on RG cells. More dramatic is the impact on TBR2+ IPCs; these progenitors have already such a high level of CDKN1C that directly exit the cell cycle without significant cell division.
Certainly, the presence of other alterations or compensatory mechanisms cannot be excluded in Arx cKO cortices. For Cerebral Cortex February 2015, V 25 N 2 333 example, the microarray analysis highlighted the upregulation of Id1 and Id2 genes in Arx KO cortices. It is known that their targeted disruption in mice results in premature withdrawal of progenitor cells from the cell cycle and expression of neuralspecific differentiation markers (Lyden et al. 1999) . Thus, it is likely that their overexpression in Arx cKO cortices might compensate for the Cdkn1c upregulation, mitigating the full phenotypic expression. Among the compensatory mechanisms, we must also consider the slight acceleration of cell cycle duration in IPCs observed in Arx cKO contributing to the observed phenotype.
We also demonstrated that Cdkn1c is a direct transcriptional target of ARX. The genomic region 5′ to the murine Cdkn1c gene locus was screened for the presence of the ARX putative binding site and a unique palindromic sequence (5′-ATTAGCATAAT-3′) was located a few bases upstream of the Cdkn1c transcription start site. Luciferase assays allowed us to demonstrate that ARX, together with the corepressor TLE1, is able to repress transcription through binding at the identified 500 bp enhancer region. Furthermore, chromatin immunoprecipation revealed that ARX directly binds in this 500 bp Cdkn1c enhancer region. Surprisingly, the ARX binding site that we identified in this study is different from the one described in our previous work (Fulp et al. 2008) . In that work, we analyzed the transcription factor binding sites significantly enriched in the regulatory regions of genes whose expression increased within Arx KO subpallium, we identified the sequence TAATTA. In a recent study using the ChIP-chip methodology in ARX transfected N2a cells almost 50% of Arx-immunoprecipitated sequences N2a cells were unequivocally enriched for TAATTA binding site in comparison to controls (Quille et al. 2011) . In this same study, only 20% of the genes ARX-immunoprecipitated in E15.5 mouse embryonic brains were found to have this binding site; furthermore, any other motif enriched in ARXbound sequences by comparison to control sequences, could not be identified (Quille et al. 2011 ). These results suggest that whereas overexpressed ARX seems to be recruited primarily to TAATTA, in more physiological conditions such as in embryonic brain, ARX is recruited to other less common motifs or needs other factors for DNA binding. Based on these data, the ATTAGCATAAT site we identified might be one of the in vivo binding sites to which ARX is recruited. Surprisingly, the ChIP on chip analysis performed by Quillé and coworkers revealed that ARX binds the Cdkn1a ( p21/Cip1) promoter but not Cdkn1c; however, this might be due to limitations of the ChIPchip technique. Indeed, ChIP-seq experiments might allow further delineation of ARX direct transcriptional target genes.
In summary, our data indicate ARX plays a unique role in the progenitor cells of the cerebral cortex when compared with its role in the ventral forebrain. By genetically eliminating Arx from pallial progenitor cells, we find a reduction in the number of RGC due to a premature exit from the cell cycle and significant skipping of the IPC amplification stage of corticogenesis. This defect results in the predicted deficit in upper layer neurons of the cerebral cortex. We further elucidated the pathogenesis of this defect by identifying the cell cycle regulator CDKN1C as a downstream target of ARX. Our study extends our understanding of the aberrant molecular network responsible for the reduced proliferation observed in Arx cKO forebrains; indeed, this is a critical point for understanding the pathogenic mechanisms underlying these devastating neurologic disorders and in devising genetic or cellular therapeutic strategies to ameliorate Arx mutation-induced pathological phenotypes.
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We thank K. Kitamura for the anti-ARX antibody and L. Muzio for helpful discussion. The anti-PAX6 antibody developed by A. Kawakami was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242, USA. Finally, we also thank George Clement for his assistance with animal husbandry and genotyping. Conflict of Interest: None declared. Figure 8 . Schematization of the molecular mechanism through which ARX controls cortical progenitor expansion. ARX expression in the cortical VZ/SVZ normally represses CDKN1C expression allowing progenitor cell proliferation and expansion. Loss of Arx in the VZ/SVZ causes precocious CDKN1C upregulation in the cortical progenitors cells, which results in a mild decrease in proliferation of RGCs and a significant loss of IPC proliferation, with consequent cell cycle exit. This ultimately results in a loss of upper layer neurons in the adult cortex.
